Genomic 
In previous publications (1) (2) (3) (4) , data and analyses were presented supporting the hypothesis that the 16-dinucleotide relative abundance values of genomes provide a robust unique genomic signature for prokaryotic and eukaryotic sequences. Genomic sequences are compared with respect to: (i) di-, tri-, and tetranucleotide relative abundance extremes; (ii) distances between dinucleotide relative abundance values (profiles) for each pair of genomes; and (iii) consistent similarity of individual sequences to various consensus sequences. In many cases, distances calculated from dinucleotide relative abundances correlate well with traditional phylogenies (1, 2) . Dinucleotide relative abundance values are essentially equivalent to the "general designs" derived from nearest-neighbor frequency analysis evaluated extensively during the 1960s and 1970s in samples of genomic DNA from many organisms (5, 6) . Our recent studies have demonstrated that the dinucleotide relative abundance profiles of different DNA sequence samples from the same organism are generally much more similar to each other than they are to profiles from other organisms and that closely related organisms generally have more similar profiles than do distantly related organisms (1) (2) (3) (4) 7) .
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These highly stable DNA-doublet patterns suggest that there may be genome-wide factors, such as functions of the replication and repair machinery that impose limits on the compositional and structural patterns of a genomic sequence, and that the set of dinucleotide relative abundance values constitutes a genomic signature that reflects the influence of these factors. In cellular organisms the existence of genomic signatures and their correlation with phylogeny may reflect either the evolutionary development of the causative factors or a very slow rate of change in response to any alterations in them.
We have studied the similarities and differences between the DNA sequences of 23 phages for which complete genomes are available or for which many segments of sufficient aggregate length have been sequenced. These (8) . At least some lateral transfer between distantly related phages or from host to infecting phage is known (9) . Despite these facts, the results in this paper show that the dinucleotide relative abundance profile provides a genomic signature that pervades each phage genome. The 
METHODS
The statistical methods of this paper were elaborated in previous publications (1, 3) and are applied in this paper to compare diverse bacteriophage and bacterial host sequences.
Oligonucleotide Relative Abundances. A standard (single strand) measure of dinucleotide bias is the odds ratio pxy = fxY/fxfr, where fx denotes the frequency of the nucleotide X and Abbreviations: ds, double-stranded; ss, single-stranded.
§To whom reprint requests should be addressed. 115  97  90  84  87  70  272  104  103  112  153  117  62  98  80  48   LAM  MU  P1  P4  P22  L5  L2  T2  T4  T3  T7  PZA   LAM  MU  P1  P4  P22  L5  L2  T2  T4  T3  T7  PZA  PRD  fl  I22  IKE  PF3  PX1  G4  CP1 46 GA All values multiplied by 1000. or bacterial sequences (1, 3) and to bacteriophages as we have done here. The traditional means of assessing similarities between organisms is to examine aligned sequences of homologous genes by various tree-building algorithms. In the case of the 23 phages at hand, it is neither possible to find highly similar genes common to all of them, or even to most pairs, nor to make reasonable alignments of them, even pairwise. Conservation of the order of genes coding for proteins of similar function has been used as evidence for the similarity of blocks of contiguous genes in phages. However, different sets of such blocks are conserved in different sets of phages so that no overall similarity of whole genomes is realized (10) .
Previous work has shown that dinucleotide relative abundances provide a unique signature for each genome, which is observed in all segments -20 kb of that genome (1, 2, 4) . In fact, the 8* distances (see Methods) between dinucleotide relative abundance values of long samples from an organism are almost always less than the corresponding distances between similarly long samples from different organisms. This relation has been found to be generally true for a wide variety of organisms (vertebrate, invertebrate, fungus, protist, and prokaryote) and is here confirmed for a variety of phages (see Table 6 ). We (Table 5 ).
Low Relative Abundance of the DAM Site GATC in Coliphages. GATC is low in all enteric dsDNA phages except P1 and tends to be lower in lytic coliphages than in temperate coliphages (Table 4) . McClelland (11) has noticed that GATC is low in some phages but not in prokaryotic chromosomes (e.g., normal in E. coli). This has been attributed to selection against it in phages that would otherwise occasionally be cut at unmethylated GATC sites by the MutH activity of the host (12) . This cutting is prevented in P1 by its own EcoP1 protein that methylates GATC (13) . The life history of P1 as a single-copy plasmid requires elaborate machinery to stop P1 replication at one additional copy (sequestration) and to ensure that one copy goes to each daughter cell at host cell division (partition). Important to this control is the state of methylation of four GATC sites embedded in the heptad AGATCC(C/A) repeats near oriR, where the host sequestration protein SeqA can bind at hemimethylated GATC (14) . It is reasonable to guess that P1 developed its own GATC methylase to assure methylation of this vital cluster of GATC.
Relative abundances of GATC in dsDNA phages are, except in PZA, consistently lower in lytic dsDNA phages than in dsDNA temperate phages. GATC is much lower in phages T3 and T7 than in phages T2 and T4. Also, except in PZA, GAAC/GTTC and GACC/GGTC, both differing from GATC by a single substitution, are higher in lytic phages than in temperate phages and are higher in T3 and T7 than in T2 and T4. While integrated into the host genome, All values multiplied by 100. *Symmetrized value for oligonucleotide and its inverted complement. Significance criteria were low <78 and high >122. Values are shown for di if there was more than one occurrence, tri more than 2, and tetra more than 3. Some values (in parentheses) nearly satisfying the criteria are shown when they occur in accepted blocks. for E. coli and S. typhimurium). In 8* distances, they constitute the five single sequences closest to their consensus sequence. The major host E. coli is generally close to each of them and to their consensus. No other group of three or more phage sequences is as cohesive in its behavior. However, the enteric temperate group is diverse in a number of other properties. For example, the set contains exemplars of three capsid forms: short-tailed (P22), long-tailed (LAM), and contractile-tailed (MU, P1, and P4). Also, one occurs as an independent plasmid (P1), one can act as a transposon (MU), one infects S. typhimurium (P22), and two infect many hosts (P1 and MU). However, these differences are submerged beneath a similarity of relative abundances, probably because all are replicated and repaired by a common host machinery. The average 8* distance of E. coli to S. typhimurium, based on many 50-kb samples from each, is -0.040 (7) . None of the temperate phages is this close to either host. The Salmonella phage P22 is farthest, but not very far, from both hosts, presumably for reasons other than its host preference.
Variation among the filamentous phages. The four filamentous parasitic ssDNA phages do not constitute a coherent group. They show substantial differences in relative abundance extremes and in 6* distances. These differences can be associated with morphology, life history, and host differences. In no instance do all four phages possess an extreme relative abundance of the same oligonucleotide. In extreme relative abundance PF3 often stands alone: low in TA, low in CGCG and high in CTAC/GTAG, and not high in GC and not low in TATA. PF3 infects P. aeruginosa and, in this host, the TA level is very low (p* = 0.60) and the GC level is normal. In /* distance, PF3 is farthest from the filamentous consensus. 122 and IKE, both of which attach to I pili, are very close (6 Distances between computer-generated random sequences of length 10 kb fall in the range 0.000-0.018 (2) . No phage sample in our collection is very close to random. The closest individual phage sequences to random in distances are the ssRNA MS2 (0.046) and GA (0.055). This observation is consistent with the fact that these two phages show much fewer extreme dinucleotide relative abundances than do any other phages. These results are in accord with the indication that mutation rates of ssRNA are 10,000 times those of dsDNA (22) and that sequences tend to approach randomness with increasing numbers of substitutions. Among the most nonrandom are all the enteric temperate phages (Table 5 ). This is consistent with the finding that the enteric temperate dsDNA phages are among those having the most extreme oligonucleotides ( 
